ABSTRACT Multiple emulsions have received great interest due to their ability to be used as templates for the production of multi-compartment particles for a variety of applications.
INTRODUCTION
In recent years, there has been growing interest in the engineering of multiple emulsions -i.e., multi-phase droplets with internal liquid structure -and their use as templates to synthesize microparticles with complex architectures for various applications including foods, [1] [2] [3] [4] pharmaceuticals, 5-10 cosmetics [11] [12] [13] and chemical separations. [14] [15] [16] In particular, using this approach to create multiphasic nanogel particles holds great promise in fields such as drug delivery, 17, 18 cataylsis, 19 and photonics. 20 In the case of drug delivery, the ability to co-encapsulate high concentrations of hydrophobic an hydrophilic actives within the same particle provides the possibility of delivering combinations of active therapeutic agents with disparate polarities. 21, 22 While several techniques exist to encapsulate hydrophobic actives (e.g., PLGA nanoparticles) and hydrophilic actives (e.g., hydrogels) into nanoparticles independently, it has proven challenging to encapsulate both types of actives into a single nanoparticle while maintaining their nanoscopic size, which is necessary for intravenous injection. Furthermore, previous multiple emulsion methods to create multi-phasic hydrogel particles produce particles with sizes at the micron-scale or larger, which restricts their use to predominantly non-intravenous routes. 23 For other applications, including foods and consumer products, this size range is also necessary for colloidal stability, i.e., where Brownian motion of droplets and particles becomes sufficient to stabilize them against sedimentation. The change of particle scale from micro-to nano-is not a straightforward matter of size reduction, and therefore represents a significant technological challenge given the complexity of the internal architecture of these nanoparticles.
Although many have used simple one-phase nanoemulsions as templates for producing nanoparticles, 18, 24, 25 making complex emulsions on the nanoscale using existing methods has also proven to be a challenge, and using them to template particles consequently more difficult.
Multiple emulsion preparation methods have included microfluidic or microcapillary-based approaches 22, [26] [27] [28] [29] [30] [31] [32] and bulk emulsification methods. [33] [34] [35] [36] [37] While microcapillary-based methods offer precise control over droplet sizes and distribution, they have low throughput (typically less than 1 mL/hr for a single device 38 ) , and device limitations make nanoscale droplet production infeasible without significant technological advances. On the other hand, bulk emulsification has been used to successfully form nanoscale multiple emulsions, but is significantly more difficult to control, typically resulting in a large dispersity of both size and morphology. More innovative approaches such as one-step preparation of multiple emulsions using amphiphilic block copolymers or induced by phase separation have improved controllability in both droplet size and morphology; however, scaling them down to the nanoscale remains challenging. 38 Here, we choose a two-step, high-energy bulk emulsification method. The method is inherently scalable due to the availability of industrial high-energy emulsification equipment. 39, 40 It is versatile in that it can be adapted to a wide range of oils, aqueous phases and surfactants. Finally, it provides relatively simple control over the composition of the inner and outer droplet phases to tailor to specific applications and needs.
There have been only a few reports of double and complex nano-scale emulsions with well-specified morphology to date; of these, most examples consist of water-oil-water (W/O/W) 
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Production of single O1/W and W/O2 nanoemulsions
The desired multiple nanoemulsions sought in this work comprise an inner oil nanodroplet phase (O1) encapsulated within nanodroplets of a dispersed aqueous phase (W)
containing a photocrosslinkable hydrogel pre-cursor, poly(ethylene glycol) diacrylate (PEGDA), which are suspended within an outer oil phase (O2). For most studies, a high-viscosity silicone oil phase was chosen as a model chemistry for the O1 phase due to its relatively low solubility in water/PEGDA mixtures. 21 PEGDA (Mn = 700 g/mol) was the polymer of choice for most studies due to its high water solubility, relatively fast polymerization kinetics, ability to crosslink with itself to form hydrogels, and biocompatibility. Based on our previous studies of the production of O/W/O multiple nanoemulsions, 43 we chose cyclohexane as the O2 phase due to its low viscosity and relative volatility (to facilitate separation), and a mixture of conventional ethoxylated nonionic surfactants Span80, Tween80, and Tween20 due to their ability to form stable nanoemulsions.
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Single oil-in-water (O1/W) nanoemulsions were formed by ultrasonicating a coarse emulsion composed of silicone oil (O1) in an aqueous PEGDA solution containing Tween20 surfactant. When keeping the composition constant, the final size of the nanoemulsion can be controlled by adjusting either the power or time of ultrasonication. 47, 48 In the canonical composition, 10 vol% of the total suspension volume was silicone oil (Φ 1 = 0.10), 33 vol% of the aqueous phase volume was PEGDA ( = 0.33), with the surfactant, Tween20, being at a concentration of 100 mM in the aqueous phase ( 20 = 100 mM). For nanoemulsions with this composition, average sizes measured by dynamic light scattering (DLS) range from approximately 30-400 nm depending on the ultrasonication power and processing time ( Figure   1b ). The average droplet size decreases as more mechanical energy is added to the system until a size plateau is reached, whereby the deformations applied to the fluid are no longer sufficient to break up the droplets. 47 These droplet sizes are corroborated by cryo-TEM ( Figure 1a ). The stability of the nanoemulsions was determined by measuring the droplet size over time ( Figure   1c ). As expected for nanoemulsions of such a small size, 47, 49 these droplets are extremely stable, with no appreciable change in diameter over multiple months ( Figure 1c ). Single W/O2 nanoemulsions were formed by ultrasonication of a coarse emulsion of hydrogel precursor solution in cyclohexane with Span80 and Tween80 as co-surfactants, similar to a system used in previous work to generate uniform nanogel particles. 
Synthesis of oil-laden nanogels from O1/W/O2 double nanoemulsion templates
Having demonstrated the capability of controlling both the size and stability of the single O1/W and W/O2 nanoemulsions, we attempted the creation of O1/W/O2 double nanoemulsions, and subsequently PEGDA nanogels templated from them. To do so, we employed a serial nanoemulsification protocol, in which an oil-in-water (O1/W) nanoemulsion is prepared by ultrasonication, and then itself emulsified into an outer oil (O2) phase via a second ultrasonication process (Figure 2a ). Detailed compositions can be found in Table S1 of the ESI.
After the addition of photo-initiator and exposure to UV light, the PEGDA in the O1/W/O2 double nanoemulsion is photo-polymerized and forms oil-laden nanogels. The nanogels are subsequently purified and stored in DI water at 10 o C in order to minimize oil solubility in the continuous phase. The amount of oil loss during storage over a period of 40 days is negligible once the nanogels have been crosslinked (Table S2 ), due to the considerable droplet stability of nanoemulsions compared to micron-sized droplets. The image in Figure 2c was acquired after the addition of photo-initiators and exposure to UV light, which initiates polymerization of the water/PEGDA phase of the double nanoemulsion.
Again, we observe structures and contrast resembling those in Figure 2b with the only difference being the disappearance of thin rings around the 300 nm water/PEGDA droplets. This can be attributed to the disruption of the surfactant layer as the PEGDA polymerizes into a three-dimensional hydrogel network. Finally, after purifying the nanogels through a series of centrifugation and solvent exchange processes and re-dispersing the nanogels into deionized (DI)
water, we observe with more clarity the final structure of the oil-laden nanogels ( Figure 2d , Figure S2 ). The fact that the final oil-laden nanogels retain similar structure as the initial O1/W/O2 template confirms the effectiveness of the double nanoemulsion template. 
Controlling the encapsulation efficiency of oil within oil-laden nanogels
A number of studies have reported on the dynamic instability of double emulsion droplets. 43, [50] [51] [52] [53] [54] [55] Unlike single emulsions, whose stability can be inferred from changes in their droplet size distribution alone, the stability of double emulsions is additionally characterized by the amount of inner droplet phase retained within the outer droplet phase, i.e., the encapsulation efficiency. 53 Most studies of encapsulation efficiency have been in W/O/W emulsions, where efficiency is typically measured either by encapsulating a water-soluble molecular probe (e.g. NaCl) and measuring its release profile under different compositional makeup and processing conditions, or using in situ microscopy to track the size distribution and amount of the inner phase. 4 Here, we instead choose a more direct, quantitative approach, whereby the choice of silicone oil as the inner oil phase facilitates direct quantification using solid-state NMR (see Methods section) both before the initial nanoemulsification process and after the resulting oilladen nanogels have been synthesized and purified. Figure 3 shows a representative NMR spectrum of the oil-laden nanogels. By quantifying the area of the various distinct peaks corresponding to silicone oil, Tween20, cyclohexane, and PEGDA, we compute the final composition of the gels and thereby the encapsulation efficiency of silicone oil. Cyclohexane is the outer oil phase (O2) from the O1/W/O2 template, and is monitored in the final oil-laden nanogels to gauge i) how much cyclohexane is remaining after the purification process, and ii) whether any cyclohexane is trapped inside the nanogels due to instability of O1/W/O2 during the emulsification process. As shown in Figure 3 , a negligible amount of cyclohexane remains in the final purified nanogels and will thus be neglected in later analysis.
To better understand the stability of the O1/W/O2 double nanoemulsions, and determine operating conditions that optimize encapsulation efficiency, NMR spectra were measured across a range of several processing parameters, including the ultrasonication processing time of the O1/W/O2 double nanoemulsion, the waiting time between ultrasonication and UVphotopolymerization of O1/W/O2, the initial inner oil volume fraction Φ 1 in O1/W, and the PEGDA volume fraction in O1/W. In all cases, the O1 encapsulation efficiency (ε) is
where the initial and final amounts of oil were determined by NMR (see Methods section). template is monitored to check the purity of final nanogel.
These measurements were used to determine the maximum amount of inner oil (O1) that can be encapsulated within the oil-laden nanogels. Figure 4a shows how the encapsulation efficiency (ε) and size (DN) of nanogels change as the initial silicone oil volume fraction (Φ 1 )
in the O1/W phase is systematically varied while holding the dispersed phase volume fraction (Φ ), PEGDA volume fraction in the dispersed phase ( ), and concentration of Tween20 per oil droplet constant (ESI Section I, Table S1 ). Once the O1/W nanoemulsions were prepared, We find that both the size polydispersity and oil content of the nanogels increase with increasing oil volume fraction from Φ 1 = 0.02 to 0.10 ( Figure 4a ; sonication power = 32 W).
For Φ 1 < 0.06, the average size of nanogels ranges from 200-300 nm, with a polydispersity index (PDI) of 0.2 (reflected by the error bars in Figure 4a) . However, at Φ 1 = 0.10, we observe a bimodal population of droplet sizes, with a smaller population having an average size of 200 nm and a larger population having an average size of 1.0 μm. This suggests that although more oil could be encapsulated into the nanogels, it becomes difficult to control size and polydispersity for Φ 1 > 0.10. We also note that the measured oil content increases linearly with increase in the initial input amount with a slope of ε ~ 0.58. Regardless of the input initial oil content, the oil encapsulation efficiency ( ε ) at each composition also decreased by approximately 40% after 40s of ultrasonication. This suggests that the mechanism responsible for oil loss is qualitatively the same regardless of initial oil content. From this, we conclude that the mechanism of oil encapsulation instability is primarily dictated by kinetic processes occurring within individual O1/W droplets, and is only weakly influenced by interactions between dispersed O1/W droplets. To further elucidate the primary mechanism for oil loss, we tested the effect of ultrasonication processing time of O1/W/O2 nanoemulsions on the final nanogel size and encapsulation efficiency in more detail for two silicone oil volume fractions, Φ 1 = 0.04 and Φ 1 = 0.10 ( Figure 4b ). Detailed compositions can be located in Table S1 in ESI. For both compositions, we observe that the nanogel size and encapsulation efficiency decrease with increasing ultrasonication time. This suggests that ultrasonication plays a significant role in droplet instability, and that there is a tradeoff between size and oil encapsulation efficiency; i.e., increasing the ultrasonication time leads to smaller sizes and lower polydispersity, but at the same time reduces the oil encapsulation efficiency. This observation is demonstrated most clearly for Φ 1 = 0.10; in order to achieve a sufficiently small nanogel size (< 500 nm) with a narrow PDI, extensive ultrasonication is required, resulting in low oil content. Mechanistically, this suggests the kinetic stability of the O1 phase is significantly reduced during ultrasonication of the O1/W/O2 nanoemulsion and leads to coalescence of the O1 phase with the outer (miscible) O2 phase. Similar results have been reported in literature for double W/O/W emulsions that exhibit destabilization due to high shear. 54 Specifically, excessive shear could induce streaming,
i.e., flow within the outer droplets that induces motion of the inner droplets. In turn, this could hasten film drainage of the outer droplet fluid between the inner O1 droplets and the W/O2
interface, facilitating coalescence of the O1 droplets with the outer O2 phase (Scheme 1a). Thus, applying more moderate emulsification conditions to produce double nanoemulsions could avoid rapid reduction in encapsulation efficiency. This is likely why most of the double nanoemulsions reported previously exhibit relatively large size polydispersity.
Scheme 1. Schematics showing (a) ultrasonication-induced inner droplet streaming which eventually
leads to oil loss, and (b) an increase in polymer content leading to reversal of film curvature and oil loss.
To further explore the stability of the inner oil phase inside the double emulsion, we studied the dependence of the nanogel encapsulation efficiency on the waiting time between the ultrasonication step and subsequent UV-photocrosslinking of O1/W/O2 (Fig. 4c) . To prepare the samples, 1 mL of O1/W silicone oil-in-water nanoemulsion of Φ 1 = 0.04, = 0.25, 20 = 44 mM was added to 15 mL of cyclohexane (O2) solubilized with a surfactant mixture of 100 mg Tween80 and 300 mg Span80 ( 80 2 = 5mM, 80 2 = 47 mM) to create the O1/W/O2 double nanoemulsion (ESI section I, Table S1 ). The mixture was subjected to 30 s of ultrasonication, divided into 4 batches of equal amount, and photocrosslinked at different time points over a period of 0 to 6 hours after ultrasonication.
We find that under these conditions, both the encapsulation efficiency and overall diameter of the nanogels remain relatively constant for waiting times up to 6 hours ( Figure 4c ).
This indicates that the inner O1 phase of the O1/W/O2 nanoemulsion is relatively stable toward coalescence with the outer O2 phase after ultrasonication. Specifically, the stable size distribution suggests that little to no droplet ripening or coalescence occurs between O1/W/O2 droplets, and the stable encapsulation efficiency indicates no observable encapsulated oil loss. Therefore, we find that the instability of the O1/W/O2 nanoemulsions is dominated by the enhanced coalescence of the O1 phase with the O2 phase that occurs during the ultrasonication process (Scheme 1a).
To demonstrate that the O1/W/O2 templating method can be used to prepare nanogels with a wide range of crosslinking density, we studied the effect of PEGDA hydrogel pre-cursor Table S1 ). The average size of the silicone oil droplets in the O1/W nanoemulsion after dilution (approximately 30 nm in all cases) was found to be independent of (ESI Table S2 ). These O1/W nanoemulsions (Φ 1 = 0.04) were then emulsified to make O1/W/O2 double nanoemulsions, polymerized to form nanogels, and the resulting oil encapsulation efficiency was quantified by NMR.
We observe a decrease in oil encapsulation efficiency with increasing , whereas the size of the nanogels remains relatively constant (Fig. 4d) . The observed decrease inε appears to occur above a threshold value of ~ 0.3, below which the encapsulation efficiency is relatively independent of PEGDA concentration. To confirm this result, cryo-TEM images for = 0.25 and 0.43 were taken of i) the O1/W/O2 nanoemulsions immediately after photocrosslinking, and ii) the final nanogels after purification and resuspension into water ( Figure 5 ). The resulting images agree with the NMR results. Specifically, the images confirm that the nanogels at = 0.25 contain a large number of encapsulated oil nanodroplets, whereas the nanogels with = 0.43 do not have any discernable oil nanodroplets within them.
We can infer from the cryo-TEM images that the oil loss that occurs for = 0.43 does so prior to the photopolymerization process. Given the previous findings that ultrasonication significantly enhances droplet instability, this suggests that the presence of PEGDA in the O1/W/O2 nanoemulsions tends to enhance ultrasonication-induced droplet instability. We hypothesize that this is caused by the increased solubility of the surfactant Span80 in the aqueous phase with increasing , which we have verified by independent solubilization experiments (ESI Figure S1 ). It is likely that greater solubility of Span80 in the water/PEGDA (W) phase induces faster transfer of the Span80 molecule from the W/O2 interface to the O1/W interface, thereby lowering the interfacial tension at both interfaces 56 and facilitating the coalescence of inner oil droplets with the outer oil phase (Schematic 1b). 
Adaptability of double nanoemulsion nanogel synthesis to other materials
To further generalize the reported double nanoemulsion templating method for creating oil-laden nanogels, we tested the ability of the method to be used in templating nanogels containing other oils and polymers. As shown in Figure 6a , the double nanoemulsion templating process is successful in creating PEGDA nanogels when the silicone oil is replaced with peanut oil nanodroplets with an average size of 20 nm. Moreover, this demonstrates that the oil-laden nanogels can be made entirely from biocompatible (non-toxic) components, facilitating their use for in vivo applications. As a demonstration that these oil-laden nanogels are non-toxic, a cytotoxicity assay was performed using MDA-MB-231 triple negative breast cancer cells (Figure 7 ), which indicates that these particles are relatively non-toxic for 24 hours (i.e. >80% of cells remain viable), which is comparable to or better than more widely studied drug nanocarriers at the same concentrations. 57, 58 More extensive studies of biological transport and toxicity are ongoing.
However, we note that similar PEGDA nanogels without encapsulated oil droplets were previously studied by Anselmo et al., where studies of cellular uptake in vitro and biodistribution in vivo did not observe any adverse toxicity effects, and found that particles were cleared by the spleen. 25 In the case of oil-laden nanogels, we anticipate that the outside environment is only able to contact the nanogel, and not the encapsulated oil droplets. Thus, we expect oil-laden nanogels to have similar toxicity profiles and clearance mechanisms. This ease of altering the inner oil type is especially useful for delivery of anti-cancer drugs. More generally, vegetable oils (such as peanut oil, olive oil, soybean oil, etc.) are widely used to encapsulate hydrophobic drugs for drug delivery, [59] [60] [61] [62] such as paclitaxel and camptothecin. 61, 62 Given the known solubility of these drugs in a particular vegetable oil, the total amount that can be encapsulated primarily depends on the encapsulation efficiency of oil droplets in the oil-laden nanogels.
We also tested whether the double nanoemulsion templating process is sensitive to replacing the relatively low molecular weight PEGDA macromer used in previous studies (Mn = 700 g/mol, PEGDA 700) with a macromer with significantly larger molecular weight (Mn = 10,000 g/mol, PEGDA 10k). This will have the effect of significantly increasing both the specific viscosity of the aqueous polymer phase during the nanoemulsification process, as well as the mesh size of the hydrogel network in the final nanogel particles. As shown in Figure 6b , we were successful in producing oil-laden nanogels with the larger PEGDA macromer (see SI Section I and Table S1 for composition and detailed process description). In this case, however, we found that the Tween20 surfactant was unable to produce sufficiently small silicone oil droplets in the O1/W nanoemulsion, even after matching the viscosity ratio between the W and O1 phases used for the shorter PEGDA macromer. Therefore, Tween20 was replaced with sodium dodecyl sulfate (SDS), which has a smaller packing parameter and is therefore capable of forming smaller nanoemulsion droplets. 55 Doing so, we produced sufficiently small oil nanodroplets for the formation of double nanoemulsions and subsequent formation of oil-laden nanogels (Figure 6b ).
Upon purification of the nanogels and re-dispersion into water, cryo-TEM imaging indicates a significant loss of the oil nanodroplets from the nanogel interior, as evident by the appearance of oil nanodroplets surrounding the nanogel. This can be attributed to a combination of non-uniformity of nanogel crosslinking and the large swelling ratio Q of the 10,000 g/mol macromer in water. For bulk hydrogels at a concentration of ϕ PEGDA W =0.2, the swelling ratio is 3.56 for PEGDA 10k and 1.02 for PEGDA 700, which corresponds to an average mesh size of 16.3nm for PEGDA 10k and 3.1nm for PEGDA 700 in the swollen state. 63 Compared to the small mesh size of PEGDA 700, PEGDA 10k has an average mesh size that is comparable to the oil droplets, which would likely drive faster oil loss through the heterogeneous nanogel network.
Although this swelling behavior limits the oil encapsulation efficiency of particles produced from O1/W/O2 nanoemulsions for hydrogels with larger mesh size, it also demonstrates the intriguing possibility that hydrogel swelling can be used as a mechanism to induce release of the encapsulated nanodroplets from the nanogels. This provides a potential route to triggered release of nanodroplet cargoes (and actives encapsulated within them), and further studies toward this aim are ongoing.
CONCLUSION
We have developed a method for preparing O1/W/O2 nanoemulsions using sequential high-energy emulsification, and demonstrated its application for templating oil-laden polymer nanogels with controlled size, polymer density and encapsulated oil concentration. Given that production scale equipment for ultrasonication or closely related high-pressure homogenization already exists, 39,40 the method is eminently scalable, and provides a route to producing large quantities of multiple nanoemulsions, and multi-phase nanoparticles from them.
By characterizing the oil encapsulation efficiency across a range of processing parameters, we conclude that the primary mechanism of droplet instability in the double nanoemulsion is ultrasonication-enhanced coalescence of the inner O1 phase with the outer O2 phase due to rupture of the water film separating the two oil phases. This instability is enhanced by the presence of PEGDA hydrogel pre-cursor, but only above a threshold concentration. Direct confirmation of this mechanism could be made by in situ monitoring of the inner oil phase, and is the subject of ongoing study. These results allow for the identification of processing conditions that optimize the oil encapsulation efficiency, which include relatively short ultrasonication times and low concentrations of inner oil and hydrogel precursor in the double nanoemulsion.
Optimizing the O1/W/O2 nanoemulsion stability results in double nanoemulsions with both inner and outer droplets that remain kinetically stable for many hours, facilitating their use as colloidal templates for multi-phase nanoparticles. Here, this was demonstrated through crosslinking and subsequent purification of oil-laden, water-swollen nanogels with relatively high encapsulation efficiency, with sizes ranging from 200-300 nm and relatively narrow size distribution and encapsulation polydispersity. The process is versatile to a range of nanogel compositions including the oil and polymer hydrogel chemistry, hydrogel crosslink density and encapsulated oil droplet size and concentration. Most significantly, we have demonstrated the ability to produce oil-laden nanogels entirely of commonly-used, biocompatible components. As such, we anticipate that the templating method and resulting nanogels will find use in a number of applications including pharmaceuticals, consumer products and foods.
METHODS
Synthesis of double nanoemulsions and templating of nanoparticles Poly(ethylene glycol)
diacrylate (Mn = 700g/mol), Tween20, Tween80, Span80, cyclohexane (ACS reagent grade > 99%), silicone oil (100 cSt), peanut oil, and 2-hydroxy-2-methylpropiophenone were purchased from Sigma Aldrich and used as received. Poly(ethylene glycol) diacrylate (Mn = 10,000g/mol) was synthesized in our lab. PEG, 2.2 equiv of acryloyl chloride and trimethylamine reacted in dichloromethane for 8 h in a dark environment at room temperature. The solution was filtered and precipitated into ethyl ether. The product was collected by filtration and then dried in a vacuum oven prior to use. The molecular mass and molecular mass distribution were determined using a combination of 1 H NMR and GPC.
The double nanoemulsions and oil-laden nanoparticles were synthesized according to 5s, pulse off: 5s) to a final size of 300 nm. An ice bath was again employed to minimize sample heating. 100 μL of photoinitiator 2-hydroxy-2-methylpropiophenone was then added to the sample and the sample was UV-polymerized via free-radical polymerization for 5 min using a 365 nm long-wave UV lamp. The nanoparticles were then washed first in cyclohexane via centrifugation (20 mL, 1 round, 18,000g), then in DI water (35 mL, 2 rounds, 25,000g), and then re-suspended in DI water. Nanoparticle concentrations can be determined by freeze-drying a known volume and measuring the freeze-dried mass.
For experimental purposes, the multiple nanoemulsions and resulting particles are prepared in batches of 15 mL. However, using our bench-scale ultrasonicator, this can easily scale up to as much as 250 mL. For larger batches or continuous processing, industrial scale ultrasonicators also exist, 39, 40 and are demonstrated to produce quantities up to 10L. Alternatively, high-pressure homogenizers can be used to produce emulsions on a large scale in a continuous fashion. For example, such scalable production has already been demonstrated for O1/W nanoemulsions studied in this work.
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Particle Size. Size measurements were obtained by dynamic light scattering (DLS) using a BI-20S (Brookhaven Instruments) with a HeNe 632 nm laser with multi-angle capabilities.
Measurements were carried out at 20 o C and a fixed angle of 90 degrees. Autocorrelation functions were collected and fit to a cumulant analysis to obtain the Z-average and polydispersity index (PDI). All nanoemulsions were diluted to a final concentration of <1 wt% and remain optically transparent during DLS measurements. The crosslinked nanogel particles were diluted with Millipore DI water to ~0.01 wt% by dry mass, such that the scattering intensity was maintained around 200-500 kcps for all measurements.
Particle Structure. Cryogenic Transmission Electron Microscopy (Cryo-TEM) was used to decipher the internal structure of both the double nanoemulsion and the oil-laden nanogels.
Samples were prepared using a Vitrobot Mark IV at room temperature and variable humidity (100% RH for aqueous sample, no humidity control for organic phase samples). Lacey carbon coated copper grids (200 mesh) were acquired from Electron Microscopy Sciences and used as the sample grid for both aqueous and organic phase (i.e. cyclohexane) samples. For aqueous phase samples, the grids were plasma-treated for 20 seconds prior to vitrification in liquid ethane for aqueous samples. For organic phase samples (i.e. samples in cyclohexane), the grids were used directly without plasma treatment and liquid nitrogen was selected as the vitrifying liquid.
The procedure for sample preparation is as follows: first, 1.2 μL of aqueous phase samples (2 μL for organic phase) was deposited onto the grid; the grid was then blotted to remove excess liquid Low-dose mode was used for organic phase samples. Gatan Digital Micrograph was used to record the images acquired by the digital camera.
Particle oil content. Solid-state 1 H NMR was used to analyze the oil content of the oil-laden nanogels. For sample preparation, the washed nanogel particles were dispersed in D2O and spun down into a pellet. The pellet was then diluted by adding a small amount of D2O and placed into a 50 uL NMR rotor with a Kel-F cap. The rotor was then placed into a solid-state 500 MHz NMR (Bruker Avance IPSO500) and spun at a speed of 8 kHz.
MTT assay. To assess toxicity, cells were seeded in 96-well cell culture plates at a density of Table S1 ). Solubility of PEGDA in Span 80
( Figure S1 ). Additional cryo-TEM images of nanogels ( Figure S2 ). Additional DLS data on O/W nanoemulsion (Table S2) . Stability data on oil encapsulation (Table S3 ). Swelling ratio of PEGDA 10,000g/mol and 700g/mol (Table S4) . 
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